
11111"2-----5,,I,.,,J,,__!!IIL_



Thismicrofichewas
producedaccordingto
ANSI/ AilMStandards

and meetsthe
qualityspecifications
containedtherein.A
poorblowbackimage
is theresultof the

characteristicsof the
originaldocument.



!

ll¢,AT Institute

_ _Drt
93-06

NASA-CR-|gz296

//

COMPUTATION OF
INCOMPRESSIBLE VISCOUS

FLOWS THROUGH TURBOPUMP
COMPONENIS

Cetin Kids and Leon Chang

(_ASA-CR-19229_) COMPUTATION OF
INCO_PRFSSIBLE VISCOUS FLOWS

THROUGH TURBGPUMP COMPONENTS (MCAT
Inst.) Ig D

G313_

N93-20753

Unclas

0148086

s

Felx'ua.,-y 1993 NCC2-SU0

J

MCAT Institute
3933 Blue Gum Drive

San Jose, CA 95127



V •

COMPUTATION OF INCOMPRESSIBLE VISCOUS FLOWS

THROUGH TURBOPUMP COMPONENTS

CETIN KIRIS, and LEON CHANG

Abstract

Flow through pump components, such as an inducer and an impeller, is efficiently
simulatect by solving the incompressible Navier-Stokes equations. The solution method

is based oh .he pseudocompressibility approach and uses an implicit-upwind differenc-

ing scheme together with the Gauss-Seidel line relaxation method. The equations are

solved in steadily rotating reference frames and the centrifugal force and the Corio-

]is force are added to the equation of motion. Current computations use one-equation

Baldwin-Barth turbulence model which is derived from a simphfied form of the standard

k-e model equations. The resulting computer code is applied to the flow analysis inside

a generic rocket engine pump inducer, a fuel pump impeller, and SSME high pressure

fuel tttrbopump impeller. Numerical results of inducer flow are compared with exper-

imental measuremats. In the fuel pump impeller, the effect of downstream boundary

conditions is investigated. Flow analyses at 80%, 100%, and 120% of design conditions
are presented.

Introduction

Since the space launch systems in the near futu., , ,:e likely to rely on liquid rocket

engines, increasing the efficiency and reliability of the engine components is an im-

portant task. One of the major problems in the hquid rocket engine is to understand

fluid dynamics of fuel and oxidizer flows. Understanding the flow in the turbopump

through numerical simulation will be of significant value toward finding better design

which is simpler yet more efficient and robust with less manifacturing costs. Until

recently, the pump design process was not significantly different from that of decades

ago. Current semi-empirical turbomachinary design process does not account for the

three-dimensional (3-D) viscous phenomena in the pump flows• Some of these 3-D vis-

cous phenomena include wakes, the boundary layers in the hub, shroud and the blades,

junction flows, and tip clearence flows. In order to meet the challenge of improving

propulsion devices, NASA Marshall Space Flight Center (MSl?C) has established a
consortium involving universities, industries and NASA 1-2.

Even though computational fluid dynamics (CFD) applications in turbines have

been reported widely in the literature3- 5, the applications in the pump area are

quite limited. The objective of this report is to present, evaluate, and validate a com-

putational procedure that solves incompressible Navier-Stokes equations for the pump

components. For CFD to have an impact in the design procedure of the pump, a ro-

bust, efficient, and accurate scheme is required. In addition, the algorithm needs to be

extensively validated for the flow through pump components so that pump designers

have the confidence to use it. The present work is focused on steady-state component
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analysis to validat_ the algoritm with a one-equation turbulence model and to demon-

strate the code capabihty. For the pump components, such as an inducer and a radial

impeller, the steady flow assumption is valid without the diffuser and inlet guide vanes.

The progress in unsteady pump flows will be reported in future. A similar effort can be

seen in the activities of the other members of MSFC pump stage technology team. s-a

Their formulations are based on a pressure based method and the current formulation
is based on a pseudocompressibility method.

The numerical solution of the incompressible Navier-Stokes equations requires spe-

cial attention in order to satisfy the divergence-free constraint on the velocity field

because the incompressible formulation does not yield the pressure field explicitly from

the equation of state or through the continuity equation. One way to avoid the nu-

merical difficulty originated by the elliptic nature of the problem is to use a pseudo-

compressibihty method. With the pseudocompressibility method, the elliptic-parabolic

type equations are transformed into hyperbolic-parabohc type equations. Well estab-

fished solution algorithms developed for compressible flows can be utilized to solve

the resulting equations. Steger and Kutler 9 employed an alternating direction im-

plicit scheme into Chorin's 1° pseudocompressibility method. This formulation was

extended to three-dimensional generalized coordinat_ by Kwak and Chang.ll, 12 Re-

cently, a three-dimensional incompressible Navier-Stokes solver 13 (INS3D-UP) using

upwind differencing and Gauss-Seidel line relaxation scheme was developed in order

to have a robust and fast converging scheme. The flow over single and multi-element

airfoils was efficiently simulated by using this algorithm. 14 A time accurate formulation

of the algorithm is implemented for incompressible flows through artificial heart devices

with moving boundaries, a5 The present study is the continuation of the validation effort

for the turbulent flow in rotating machinary in steadily rotating frame of reference.

In the next section, the governing equations and the method of solution are sum-

merized. Following that is a presentation of the computed results obtained from the
current approach.

Governing Equations and Method of Solution

The pseudocompressibihty algorithm introduces a time derivative of the pressure

term into _he continuity equation. The resuJting incompressible Navier-Stokes equa-

tions can be written in a generalized curvilinear coordinate system (_, r/, () as follows

aQ a o_-_¢ + _-_(E- E,,) + (F- F,_) + -ff_(G - G,,) = S

where Q, and the convective flux vectors E, F, G are

2
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1 _.p 4- uU + _tu

k_;p+ wU +_twJ

1 rlz p + uV + rhu

F = -3 | rlyP + vV + rltv
L_zp+ wV + rltw

r
C = 7 / eyP+ vW + ¢,v

k _,p + wW + Gw

Here J, /3, p, u, v, and w denote the Jacobiaa of transformation, the pseudocom-

pressibility coefficient, pressure, and cartesian velocity components, respectively. The

contravariant velocity components U, V, and W are defined as

U = _u + _v + Gw

V = r/zu + 0yv + r/zw

W = ez',, + ¢_v + Gw

The viscous fluxes, E_, F_, and Gu, are given by'

/ (v_. V_)v_ + (v_. v,7)v, + (v_. re)re
Res [ (v_. V_)w_ + (re. V_)w, + (v_. v¢)_c

1
/_=_

ReJ

(v_. V_)u_ + (vrt.
(V,1- V_)_c + (v,7-

(v,7. v_)w_ + (v,7.

(re. V_)u_ + (re.

vq)u, + (v,7. re),,<
v,7)o, + (v,7. v¢)_¢
v_)w, + (v,7. v¢)_,¢

v,7),,, + (re. v¢)_¢
V_)v. + (re. V¢)v¢
V,7)w_ + (re. VC)w¢

(re. v_),,_ + (re-
(re. v_)_ + (re.

an_ 1
l:leJ

where Re is the Re_aaolds number.

When the equations are solved in steadily rotating reference frames, the centrifugal

force and the Coriolis force terms are added to the equation of motion as source terms.

ff the relative reference frame is moving around x- axis, the source term S is given by

r 001$ = _(_ + _.w)
J. _(_Z -- 2V) J

where f/is the rotational speed. Both the viscous and source terms are treated implicitly

in the numerical formulation. Relative velocity components are written in terms of



absolute velocitycomponents us, va, and w, as

v = v. + f_z

w = w,, - f_y

In the steady-state formulation, the time derivatives are differenced using the Euler

backward formula. The equations axe solved iteratively in pseudo-time until the solu-

tion converges to a steady state. Central differencing is used to compute the viscous

flux derivatives and third-order upwind differencing is employed to compute the convec-

tive flux derivatives. Chakravarthy outlines a class of high-accuracy flux-differencing

schemes for the compressible flow equations, is Following Chakravarthy's third-order

scheme, a fifth-order-accurate, upwind-biased stencil was derived by Rai. s The up-

wind differencing used here is an implementation of those efforts for the incompressible

Navier-Stokes equations. For the computations presented in this report, third-order

flux-differencing scheme is used. "-

An implicit, delta-law form approximation to Eq.(1) after linearization in time and

the use of approximate Jacobians of the flux differences results in a seven-block diagonal

matrix equation written as

B_Oi-ld,* + _i-_iQi,j,k + C_iQi+l,j,k + .D$Qi,j-l,k (2)
+/_6Qi,j+l,k + $'dfQi,i,k-1 + G_SQi.j,_+I = R.H.S.

where diQ = Q,+a _ Q,. and .4, /}, C, D, /_, _', and dr axe 4 x 4 block diagonals.

The Gauss-Seidel line relaxation scheme, which was successfully employed by

MacCormack at, is used to solve this matrix equation. In Eq. (2), the right-hand-

side term is computed and stored for the entire domain. In the present study, the

line relaxation procedure is composed of three stages; each stage involves a block tridi-

agonal inversion in one direction. Fig. 1 shows the block tridiagonal inversion lines

and the Gauss-Siedel sweep planes for the three dircetions. In the first stage, 6Q is

solved line-by-fine in one direction. Before the block tridiagonM equation is solved,

off-tridiagonal terms axe multiplied by the current value of 6Q and axe shifted over to

the right-hand-side of the equation. In other words, Eq. (2) is solved by performing

a block tridiagonal inversion in the _- direction, and Gauss-Seidel sweeps in the r/-,

and _- directions. The second stage is to solve the block tridiagonal terms in the r/-

direction, and to perform backward and forward sweeps in the (- and _- directions.

The same procedure is repeated in the third stage by inverting the block tridiagonal

matrix in the _- direction, and treating the off-diagonal terms for the _-, and r/-

directions in Gauss-Seidel fashion. After the first sweep is completed for the entire

domain, a backward sweep isstarted in the opposite direction.One forward sweep and

one backward sweep for each computational directionare sui_cientfor most problems,

but the number of sweeps can be increased.

Implicit boundary conditions are _.xsedat allof the boundaries except the zonal

interfaceboundaries; zonal interfaceboundaries are updated quasi-impllcitlywhich is

very suitable for the fine-relaxationscheme. The change in the dependent variables

for one time-step ispassed d1_ringline-relaxationsweeping from one zone to another.

4
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No-slip boundary conditions are imposed at the solid stationary, wall. The pressure

boundary condition is specified such that the pressure gradient normal to the wall is

zero. At the inflow and outflow boundaries, characteristic boundary conditions are

employed implicitly. It is assumed that the effect of viscous terms at the boundaries

is negligible. Also, the characteristic equations are approximated in one-dimensional

space. The primitive variables which are needed at the boundaries are the pressure p,

and velocity components u, v, w. The number of positive and negative eigenvalues of

the Jacobian matrix of the convective flux determines how many variables should be

specified at the boundaries. If the flow is in the positive _- direction, then there will

be three characteristic waves travelling downstream and one characteric wave travelling

upstream. The exit boundary receives the information about the three variables via

the characteristics travelling from the interior of the domain. Hence, only one variable

is specified at the outflow boundary. However, the inflow boundary receives only one

characteristic travelling from the interior region. Therefore, three variables are specified

at the inflow boundary. For the calculations presneted in this report, u, v and w

velocities were specified at the inflow and static pressure was specified at the outflow.

Details of the numerical method are given in Ref. 13.

The present calculations use the one-equation turbulence model developed by Bald-

win and Barth. is The transport equation for the turbulent Reynolds nvLmber is derived

from a simplified form of the standard k - e model equations. The model is relatively

easy to implement because there is no need to define an algebraic length scale. The

formuJation and code issues can be found in Ref. 18. The transport equation is also

solved using a Gauss-Seidel type line relv'¢a_ion scheme.

Computed Results

In this section, the inducer results are presented to validate the solution method.

The impeller results demonstrate how the computational procedure can be used in the

design analysis. In inducer and impeller calculations, the flow is simulated in one blade

passage and the flow periodicity is used for the adjacent blade passages.

Pump Inducer

o

The flowtield through a turbopump inducer is solved as a benchmark problem for

turbomachinery applications. A pump inducer geometry with a high flow coefficient as

shown in Fig. 2 was developed and experimentally studied by Rocketdyne division of

Rockwell International. An inducer which provides a sutBcient pressure rise to the flow

in order to prevent the cavitation on impeller blades is a crucial element of a rocket

engine pump. The design flow of the Rocketdyne inducer is 2236 gal/min with a design

speed of 3600 rpm. The tip diameter of the inducer is six inches. In the computational

study, tip-leakage effects are included with a tip clearance of 0.008 inches. The problem

was nondimensionalized with a reference length of one inch and the average inflow

velocity of 339.6 in/sec. The Reynolds number for this calculation was 191,800. The

upstream section of the inducer was taken as a 10 inch long straight channel as shown

5



in Fig. 2. The inducer grid was generated for one blade passage which is one-sixth of

the cross-section of the tube. An H-H grid topology with dimensions of 187 x 27 x

35 was used. H-type surface grid was generated for each surfsx:e by using an elliptic

grid generator. The interior region of the three-dimensional grid was filled by using an
Mgebralc solver coupled with an elliptic smoother. The bull-nose of the inducer was

treated as a rotating wall and the cavity section was neglected. However, this region can
be included by using an sdditionM zone. Periodic boundary conditions were used at the

end points in the rotational direction. The solution was considered converged when the

maximum residual dropped at least five orders of magnitude. The convergence history

is shown in Fig. 3. Computer time required per grid point per iteration was about 1.5

x 10 -4 sec. The total computer time for this calculations was about 4-6 Cray-YMP

hours. The same calculations were performed on an SGI-Indigo workstations, and the

turnarount time was about 4-5 days.

The surface of the inducer hub and blades is colored by nondimensionalized pressure

in Fig. 4. The pressure is nondimensionalized by pV 2 where p is the density and V is

the average inflow velocity. The pressure gradient across the blades due to the action

of centrifugal force and the pressure rise from inflow to outflow are shown. Fig. 5 shows

the particle traces colored by relative velocity magnitude. The particles were released

near the hub, the blade suction side, and the tip regions, then the traces were calculated

from the relative velocity field. Near the hub, the particles rise up in the boundary-

layer and move from the pressure side to the suction side of the blade. The swirling

motion of the particles indicate a secondary flo_t region near the hub. The particles

released near the suction side of the blade indicate a radial velocity component inside

the blade boundary layer, because low energy fluid is controlled by centrifugal force.

The particles tend to flow from the hub suction side to tip suction side of the blade. The

particles near the casing show an opposite trend than the ones near the hub. Since the

casing has counterrotating wheel speed in the relative frame of reference, the particles

move from the suction side to the pressure side.

Figures 6-a through 6-d illustrate the cross-sections where the computational results

are compared with the experimental measurements. The positions of planes A, B,

C, and D in z-direction (streamvise direction) are shown in Fig. 7. At each plane,

the results are presented at every other circular arc shown in Fig. 6. Relative total

velocities and relative flow angles obtained from the current computation are compared

with expe_mental data. The total velocity is defined to include only the axial and

tangential velocity components because the radial velocity component is not available

experimentally. The flow angle is computed as the angle between the axial velocity

and the total velocity. Figs. 8 through 11 show relative total velocities and relative

flow angles as a function of circumferential angle in degrees in planes A, B, C, and D,

respectively. The circumferential angle increases from the suction side to the pressure

side of the blade. The symbols represent the experimental measurements and solid

lines represent the numerical results. The comparison of computations and experiment

near the leading edge region (plane A) is good all the way from the hub to the tip

region. Both velocities and flow angles show the same trend as observed in the flow

measurements. Inside the blade passage (plane B), numerical results compare fairly

well w'_h experimental data. Figs. 9-a and 9-b indicate the biggest discrepancy near

.'.



the hub region. The computational study underpredicts the axial velocities near the

suction side of the hub secondary flow region. This may be a result of the relatively

coarse grid used for the boundary layer. However, the core and the tip region show very

good agreement with the measurements. As we move downstream, the error at the hub

section decreases substantially as seen in Figs. 10-a and 10-b (R = 1.803). The core

region of plane C also shows a good trend compared with the measurements. However,
a 5-8 _ error in the velocities is observed neat the casing wall of plane C. Computational

results overpredict the wake strength at the suction side of R = 2.95. Finally, the results

in the mixing region (plane D) are compared with the measurements in Figs. ll-a and

ll-b. The location of the wake in the core region indicates a 5 to 10 degree difference

between the numerical results and the measurements ( R = 2.221 and R = 2.587). This

might be due to clocking error between the comp,-,ational grid and the locations of

the measurements during the postprocessing. I1: planes A,B, and C, the suction side

and the pressure side have borders with the blades. Therefore, there should not be any

error in the postprocessing. In plane D, it is assumed that the suction side starts at

the same angle of the blade trailing edge. Since the computational grid does not follow

the same circttmierential angle with the blade trailing edge downstream, it is possible

to have an order of a couple of degrees clocking difference between computational and

experimental suction sides. The structure of the internal turbulent flow in the present

configuration is quite complicated. The comparison shows that the solution algorithm

does a reasonably good job. The existing solution procedure can be applied to a similar

configuration in off-design conditions. Such a numerical study could potentially predict

cases where the inducer may suffer from massive separation resulting in a blocked fuel

supply. This provides the designer a sate operating envelope of a particular inducer.

This is the future research area of this study which can be used in the pre-design and

post-design engineering tool in challenging tu_-Lomachinery applications.

Pump Impeller

:_ e current procedure was applied in a flow analysis inside an advanced pump im-

pel!e: geometry to verify the design. In addition to the present computations, impeller

asa_iy._,es were performed by other members of the NASA-MSFC Pump Consortium

Team. A good trend was obtained between all CFD analyses, and the results were

presented at the Tenth Workshop for CFD Applications in Rocket Propulsion. 19 A

computer generated surface of the impeller blades is illustrated in Fig. 12. The im-

peller design flow is 1,205 gal/min with a design speed of 6,322 rpm. The problem was

non-dimensionalized with a reference lenght of one inch and average inflow velocity of

284 in/sec. The Reynolds Number for this calculation was 181,273 per inch. A zonal

grid method was employed for this computation due to the geometric complexity. Fig.

13 shc.vs the computational grid near the hub region of the impeller. The domain is

divide_ 'o four zones with dimensions of 89 x 52 x 33, 75 x 26 x 33, 75 x 26 x 33, and

41 x 76. 33 respectively. Zone 1 starts from the inflow plane and ends at the leading

edge of the partial blade. The region between the suction side of the full blade and the

pressure side of the partial blade is filled by Zone 2. Zone 3 is the region between the

suction side of the partial blade and the pressure side of the full blade. Zone 4 occupies

1
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downstream of the discharge plane of the impeller. At the zonal interfaces,grid points

were matched one-to-one. For allzones,an H-H type grid topology was used.

In Zone I and Zone 4, the flow periodicitywas imposed at the boundaries in

the rotational direction. Tangential and meridional velocitiesas obtained from the

designers were specifiedat the inflow boundary. The initialflow was specifiedto be

fully rotated with meridiona] velocitiesequal to unity. The solution was considered

converged when maximum residual was dropped below 1.0-5, which was obtained in

lessthan 1500 iterations.The computer time required for each impeller analysis was

about 20 Cray-YMP hours.

Initially,the flow through baseline and optimized geometries were simulated at

design flow rate. The overallefficiencyand head coefficientof the baselineimpeller are

94 percent and 0.66, respectively.The overallefficiencyand head coefficientfor opti-

mized impeller are predicted as 98 percent and .636,respectively.The overallrelative

discharge flow angie is predicted as 25 degree for the baseline impeller and as 18 degree

for the optimized impeller. The computational results indicate that efficiency parame-

ters are improved from the baseline to optimized impeller. For these calculations, the

hub and shroud walls downstream of the impeller exit were considered as stationary

walls. In order to have code-to-code comparison with other analyses, slip downstream

boundary conditions were used in further computations. The results with slip and

non-slip boundary conditions will also show the effect of downstream conditions. With

slip boundary conditions, both design and off-design conditions were simulated. Fig.

14 shows the meridional velocity distribution a_ the impeller discharge. A relative

x-distance is measured from the shroud to the hub, where x = 1.0 is the hub. The

meridional velocities, CM, were integrated along a radial strip for ea/-h constant x-

position and they were non-dimensionalized by the wheel tip speed of 249.5 ft/sec. In

Fig. 14, the dotted line with diamonds represents CM distributions for the design flow

with non-slip stationary downstream boundary conditions. The solid line denotes the

CM distributions for the design flow with siip downstream boundary conditions. The

effect of downstream boundary conditions can be seen by comparing the solid hne and

the dotted line in Fig. 14. When slip downstream boundary conditions are used, the

flow is pumped near hub and shroud regions, and the velocity profile is flattened in

the core region. The meridional velocity distributions for various off-design conditions

were also plotted in Fig. 14. The impeller rotational speed was kept the same as design

speed and the mass flow was controlled in order to reach off-design conditions. For

all off-design cases, slip downstream boundary conditions were used. The dashed line

with filled squares shows CM distributions for 120% of design flow. The trend in CM

for 120% of design flow is very similar to the design flow case. However, the 80% and

60% cases have a trend opposite of the design case in that the meridionM velocities are

smaller near the shroud and are larger near the hub region. In Fig. 15, relative flow

angles were plotted for design and off-design cases. The design case indicates a nearly

constant relative flow angle distribution at the discharge of the impeller. For higher flow

rate, relative flow angles were increased near the shroud and they were decreased near

the hub. Conversely, the lower flow rates indicate low flow angles near the shroud and

high flow angles near the hub. Fig. 16 plots meridional velocity profiles versus relative

angle at the impeller discharge for different x- locations. The relative angle is mea-

8
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sured from the suction side of the full blade to the pressure side of the full blade. The

ve_.ocities increase in magnitude from the suction side of the full blade to the pressure

side of the partial blade. There is a sudden jump because of the presence of the partial

blade. From the suction side of the partial blade to the pressure side of the full blade,

the meridional velocities increase again. The lowest meridional velocities are seen near

the shroud on the suction sides of the blades. Impeller discharge distributions, such as

flow angle, velocity, etc., at various operating conditions are important for turbopump

designers because they affect the diffuser blade loading. It is believed that there will

be an iterative design improvement process between designers and numerical analysts

in impeller-diffuser configurations.

Figure 17-a shows the particle traces released near the shroud region for 120%,

100%, and 80% of the design flow cases. For all cases, a secondary flow region is

observed near the suction side of the partial blade. In 80% of design flow, particles

moved from the shroud to the hub direction as they were in the recirculation region.

Fig. 17-b illustrates the particle traces released near the hub region for high, design,

and low flow rates. The particles near the hub region move from the pressure side of

the blades toward the suction side of the blades. The flow is also separated near the

suction side of the trailing edge of the full blade. Since the higher flow rates yield higher

meridional velocities near the hub, this separation region is smaller. Conversely, the

particles leave the fuU blade suction side at early stage for the low flow rate. Figs. 18-a

through 18-d show the velocity vectors on the cross-section plane, which is downstream

of the full blade leading edge. for 100%, 120%, 80% and 60% of design flow, respectively.

Relative velocity vectors for all cases indicate that there is a back flow near the shroud

of impeller. Also a secondary flow region can be seen near the comer of pressure side

blade and the shroud. For high fl,_w rates, the secondary flow region is not so strong as

seen in Fig. 18-b. When the flow rate is decreased (Figs. 18-c and 18-d) the 15_cldtow

near the shroud increases and tends to pre-swirl. In 60% of design flow case, this pre-

swirl becomes stronger. As mentioned above, one of the concerns at the design stage

was the distortion at the impeller exit. For this purpose, the relative velocity vectors

at the discharge plane are plotted in Fig. 19-a. The suction side of the full blade region

and the suction side of the partial blade region are magnified in Figs. 19-b, and 19-c,

respectively. The full blade suction side indicates a stronger flow distortion then the

partial blade suction side. Computed results with slip boundary conditions indicate

that the flow split between full blades and partial blades is .44/.56 for design flow. The

80% and 120% flow cases do not show" a significant change in the flow split. For 60%

of design flow, the flow split is computed to be .37/.63.

Flow through the SSME fuel pump impeller has been simulated using the present

approach. These results will be reported when the experimental data is available.

Concluding Remarks

An efficient and robust solution procedure for 3-D pump component analyses has

been presented. The technique solves the viscous incompressible Navier-Stokes equa-

tions with source terms in a steadily rotating reference frame. The method of pseudo-

compressibility with higher-order accurate upwind differencing and a Gauss-Seidel line



relaxation scheme are utilized. The flow through a pump inducer and an impeller have

been successfully simulated. Induce- results in the form of relative total velocity and

relative flow angle in four planes are presented. Numerical results from a one-equation

Baldwin-Barth turbulence model compare fairly well with experimental data. Impeller

analyses for design and off-design conditions demonstrate the possible opportunities

for CFD to be used in the design stage of the pump components. Investigation of

other turbulence models for the pump flows, grid resolution study, unsteady flows, and

further validation cases will be the the focus of future study.
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Fig. 2. Rocketdyne turbopump inducer configuration.
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Fig. 4. Surface pressure of the pump inducer.

Fig. 5. Particle traces colored by relative total velocity
magnitude.
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Fig. 12. Advanced pump impeller geometry.
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